Objective: To investigate whether a computer vision system is comparable with humans in detecting early retinal lesions of diabetic retinopathy using color fundus photographs.
D
IABETIC retinopathy has been identified as one of the leading causes of blindness. 1 Persons with diabetic retinopathy are 29 times more likely to become blind than those without diabetes. 2 Blindness owing to diabetes costs the US Government and general public $500 million annually. 2 However, because diabetic retinopathy at its early stage is usually asymptomatic, an individual with diabetes may not be aware of the potential risk of developing retinopathy and consequently losing his or her vision. Regular retinal examinations are highly recommended by the National Eye Health Education Program of the National Eye Institute (Bethesda, Md). It is especially important among high-risk groups such as the American Indian population, which has a high prevalence and incidence of diabetic retinopathy. [3] [4] [5] [6] The high cost of examination and treatment and the shortage of ophthalmologists, especially in rural areas, are prominent factors that hinder patients from obtaining regular examinations. However, a lowcost mobile computer vision system that can make the initial diagnosis of diabetic retinopathy would be helpful to rural and underserved populations. Individuals who are diagnosed by the computer system as having early retinal lesions would be referred to an ophthalmologist or optometrist for further evaluation.
Diabetic retinopathy can be detected using ophthalmoscopy, fluorescein angiography, color fundus instant photographs, color fundus 35-mm slides, or real-time electronic imaging. [7] [8] [9] [10] [11] Several studies comparing the image quality and effectiveness of these methods have been published. [12] [13] [14] [15] [16] [17] Recently there have been several articles published on automatic detection and quantification of diabetic retinopathy lesions from fluorescein angiograms. [18] [19] [20] Fluorescein angiograms from individuals with diabetes were digitized for analysis using digital image-processing techniques. [18] [19] Computer algorithms were used to detect and count microaneurysms present in the fluorescein images. 19 The accuracy, speed, and reproducibility of the computer techniques were assessed and compared with those of clinicians using both digitized and analog images. Manual counting procedures of microaneurysms used by the clinicians were laborious, timeconsuming, and subject to human error. 19 Digitization of fundus images enables the computer to discriminate microaneurysms from other features and to count the number of microaneurysms present. Computers are well suited for the extraction of quantitative information from such images because of their ability to process data in a fast and efficient manner with a high degree of reproducibility. 19 Gardner et al 21 recently tried to determine if neural networks could detect diabetic features in fundus images and compared the network with an ophthalmologist. They concluded that detection of normal vessels, exudates, and hemorrhages was possible, with success rates dependent on preprocessing and the number of images used in training.
The digital image processing method [18] [19] [20] and the neural network method [21] [22] are 2 distinct methods used in pattern recognition. The image processing method is suitable for detecting and counting discrete objects such as hemorrhages and microaneurysms (HMA), hard exudates (HE), cotton-wool spots (CWS) (or soft exudates), etc. This method is particularly useful in deriving algorithms for recognizing small, vague objects, or like images in a nonuniformly illuminated medical image, such as the early lesions (HMA, HE, and CWS) of diabetic retinopathy in a color fundus image. On the other hand, the neural network method is suitable for solving pattern recognition problems involving general patterns such as the lesion patterns exhibited in fundus images, and for describing the various stages of the severity of diabetic retinopathy. Thus, the neural network method may be useful in grading diabetic retinopathy but not in detecting individual lesions.
Our computer system was designed to detect and quantify the following early retinal lesions from color fundus photographs: HMA, HE, and CWS. The system, which can be delivered using a diskette or via the Internet, was developed and tested using nearly 800 color
METHODS
The computer system (Figure 1 ) was designed to receive images that include the optic disc and the macula (Figure 2A) . First,theimageoftheretinaisdigitized.Thenthesystemchecks the quality of the image. If the image does not show any retinal information, particularly retinal vessels, the system will not process it. These types of images can be detected by the computer system using color intensity histograms. Based on empirical data, an image that does not exhibit retinal informationwillhaveacolorintensityhistogramexhibitinganarrowbanded graph with a total intensity span lower than 30 on a 0 to 255 scale. These images may be caused by a variety of reasons such as insufficient pupil dilation, cataract, and problems in photograph and film development procedures (eg, patient blinks, effects of eyelashes or tears, severe film defects, and problems with the flash). If the retinal image has an intensity span higher than 30, image processing and pattern recognition techniques are then applied.
The image processing techniques employed were designed to achieve 3 purposes: image enhancement, noise removal, and image normalization. Following image processing, pattern recognition techniques were developed for recognizing various essential retinal features (the optic disc, macula, retinal background, and retinal blood vessels) and certain lesions of early nonproliferative diabetic retinopathy (HMA, HE, and CWS).
Other lesions such as macular edema, intraretinal microvascular abnormalities, or venous beading were not included. At the end of the diagnostic test, a computerized diagnostic report was provided, which listed all of the lesions (including questionable lesions), their sizes, and locations. The diagnostic report for the image in Figure  2A is shown in Figure 3 . The lesions detected by the computer system are color coded and shown in Figure  2B . The diagnosis given by the Wisconsin Reading Center was moderate nonproliferative retinopathy with the presence of HMA, HE, and CWS. The development of the computer system consisted of the training phase and testing phase.
TRAINING PHASE
A total of 369 color fundus images obtained from American Indians who participated in the Vision Keepers Project were used as the training set to develop the system. The Vision Keepers Project, funded by the National Eye Institute, is an epidemiological study to determine the prevalence and incidence of eye disease in American Indians from Oklahoma. One thousand eighty-seven participants aged 49 to 83 years were examined by the ophthalmologist (A.W.) using a slitlamp biomicroscope with a 78-diopter (D) lens and indirect ophthalmoscopy. Duplicate fundus photographs of at least 1 eye of each of 1080 participants were obtained using a nonmydriatic 45 camera (Canon CR5-45 NM, Canon, Japan) through pharmacologically dilated pupils. Seven participants either refused or did not have fundus photographs taken for various reasons, including eye conditions that made it unsafe to dilate. Of the 1080 participants, fundus photographs were obtained for both eyes of 1052 participants and for 1 eye of 28 participants. The 2132 fundus photographs were sent to the University of Wisconsin Fundus Photograph Reading Center, Madison, for grading according to a modification of the Airlie House Classification Scheme. [23] [24] [25] [26] For 1973 of these photographs (92.5%), the entire field was considered gradable. One hundred four fundus slides (4.9%) could not be graded. Of the 2132 fundus slides processed by the computer system, 159 (7.5%) were rejected because of poor quality. Overall, 15.7% fundus photographs obtained from American Indians who participated in the Vision Keepers Project. This article compares the computer system with human experts in the ability to detect these retinal lesions of early diabetic retinopathy. Table 1 presents the comparison between the computer system and the retinal specialist in diagnosing HMA, HE, and CWS, using Y/Q/N and Y/N. Eight of 369 training slides were considered nongradable by the specialist. The numbers in shaded cells are the questionable lesions diagnosed by either the specialist or the computer system. These questionable lesions were excluded when the Y/N classification was used. The agreement rates for detecting the 3 lesions between the computer system and the retinal specialist were excellent ( Table 2) . Sensitivity and specificity of the computer system were both high (range, 97%-100%). Therefore, we considered that the computer system was well trained in diagnosing the 3 early retinal lesions.
RESULTS

TRAINING PHASE
Results from comparing diagnoses among the retinal specialist, the grader, and the general ophthalmologist, and between the computer system and the same 2 human experts are presented in Table 3 . Results showed that, when compared with the grader and oph- of the eyes had some form of retinopathy according to the ophthalmologist's diagnosis. Photographs used in this study contained both the optic disc and the macula, a field between Standard Fields numbers #1 and #2. 8 Any Standard Field or a combination of them are acceptable by the computer system.
A sample of 369 photographs was selected with the constraint that approximately 50% of the slides would have early lesions of nonproliferative diabetic retinopathy, and the quality of these slides would be considered gradable by the Wisconsin Reading Center and acceptable by the computer system. These color retinal images were processed by the computer system to detect HMA, HE, and CWS. The sample size of 369 slides gave an 87% power at a significance level of .05 to detect a total disagreement rate of 10% with a 5% difference between the disagreement rates in the off-diagonal cells in the 3ϫ3 or 2ϫ2 tables. 27 The system was refined by trial and error based on a retinal specialist's (R.M.K.) diagnosis (lesions present, questionable, or absent [Y/Q/N]). To determine whether the computer system was sufficiently trained, we first compared the diagnostic results of the retinal specialist with those of the computer system. If there was close agreement, we then compared the computer system with the grader and the ophthalmologist and compared these 2 human experts with the retinal specialist. If the agreement rates, sensitivity, specificity, and statistics 28 between the computer system and human experts were comparable with those obtained between the human experts (grader vs retinal specialist and general ophthalmologist vs retinal specialist), we concluded that the computer system had been well trained.
TESTING PHASE
A different set of 428 color fundus images (referred to as the testing set) were processed and examined by the computer system and its diagnostic results were compared with those made by the grader and the ophthalmologist. These testing slides were also obtained from the Vision Keeper participants with the same constraints as for the training slides.
In addition to the Y/Q/N diagnostic categories, we also made comparisons using just 2 categories (Y/N), excluding questionable lesions. We excluded the questionable category for 2 reasons. First, the ophthalmologist participating in this project did not use the questionable category in her diagnosis. Second, even though the grader used the questionable category, as did the retinal specialist, their agreement rates on questionable lesions were very low. Among the 369 slides, the grader diagnosed 31 questionable cases (including HMA, HE, and CWS), and the retinal specialist diagnosed 64 questionable cases. Only 2 cases were diagnosed as questionable by both experts. The reasons for having a low agreement rate between the retinal specialist and the grader were (1) Different visual equipment might have been used to review the slides; therefore, differences in image size and quality might have affected the visibility of the lesions. (2) For vague lesions, the signal-to-noise ratio is low. To recognize a weak signal in a noisy environment is difficult, if not impossible, for humans and computers. (3) Somewhat different diagnostic criteria were used for questionable lesions.
For these reasons, it was also necessary to compare diagnostic agreement rates excluding questionable lesions. In addition to examining the agreement rates, statistics, sensitivity, and specificity were com- thalmologist, the agreement rates of the computer system were comparable with those of the retinal specialist. Similarly, when using results from either the grader or ophthalmologist as gold standards, the sensitivity and specificity of the computer system were comparable with or exceeded those of the retinal specialist. Thus, it was concluded that the computer system was well trained.
The results from the testing set of images were high as well (Tables 1 and 2 ). Using 2 human experts as standards, the computer system achieved high levels of sensitivity and specificity. It was clear from the comparisons that the agreement rates and statistics were both higher when the classification consisted of only Y/N categories.
COMMENT
We developed a computer vision system designed to detect signs of early diabetic retinopathy. The system processed 2132 fundus slides that were also sent to the Wisconsin Reading Center for grading. The computer system rejected 159 slides due to poor quality while the Wisconsin Reading Center rejected 104 slides. The computer system was first trained using a set of 369 1 The normal screen coordinate system is defined as the system with its origin located at the upper left corner of the screen, and the x-and y-axis are the horizontal and vertical coordinate axis, respectively. The screen size is 512 × 512 pixels. 2 S-location -location indicated by the normal screen coordinate system. 3 M-location -Location indicated by the macula-centered coordinate system. 4 Questionable lesions. Figure 3 . Diagnostic report of the retinal image in Figure 2A . The normal screen coordinate system is defined as the system with its origin located at the upper left corner of the screen, and the x and y axes are horizontal and vertical coordinates, respectively. The screen size is 512ϫ512 pixels.O indicates optic disc; M, macula; HMA, hemorrhages and microaneurysms; HE, hard exudates; CWS, cotton-wool spots; S-location, location indicated by the normal screen coordinate system; and M-location, location indicated by the macula-centered coordinate system.
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WWW.ARCHOPHTHALMOL.COM 512 color fundus photographs. An additional set of 428 slides was then used to compare diagnoses made by the computer system with those made by a grader and a general ophthalmologist. The quality of these photographs was considered acceptable by both the grader and the computer system. In general, our experiments showed that the computer system was able to process all the photographs that the Wisconsin Reading Center considered gradable.
The 3 lesions (HMA, HE, and CWS) were chosen because the current computer system was developed to detect signs of early diabetic retinopathy. Work is still in progress to improve its detectability of these 3 lesions and to expand its capability to detect and quantify more severe lesions such as intraretinal microvascular abnormalities, venous beading, loops, and new retinal vessels.
A 78-D lens and indirect ophthalmoscope were used by the ophthalmologist to examine the patients. The only limitation of the computer system is that it does not have a good 3-dimensional stereoscopic view and may miss retinal thickening, which is not an issue in this article. It is not known whether there would be any difference in the results if a contact lens were used to detect these lesions, although most retinal experts agree that detection of any retinal lesion would be more accurate with a contact lens than a 78-D lens, even though these differences would be greater for macular edema compared with the lesions that were measured in this study.
Since the computer system was trained using the retinal specialist's suggestions, it was expected that the agreement rates and other statistics between the retinal specialist and the computer system would be higher than those between the computer system and the other 2 human experts. Besides the interobserver and intraobserver differences and different criteria used among human experts in diagnosing the 3 lesions, it was confirmed that the grader and the ophthalmologist often used the presence of other lesions in different fields to diagnose a specific lesion. This approach was not used in the algorithm of the computer system. However, the differences were not substantial. The sensitivity and specificity of the computer system when using the retinal specialist's diagnosis as a standard ranged from 97% to 100%, showing the potential of the computer system to serve as a screening tool. When using the other human experts as the standard, the computer system was less sensitive, while specificity remained high (range, 93%-100%). This demonstrated that the computer system had a small false-positive rate between 0% and 7%.
The computer vision system is capable of learning the diagnostic decision-making process of a human expert with a range of accuracy between 91% and 94% when the 3 diagnostic categories are used, and with a range of accuracy between 97% and 99% when the questionable lesions are excluded. At this time, since we do not have a standard set of criteria in diagnosing questionable lesions, the computer system has no standard criteria to follow. Therefore, the sensitivity and agreement rates between human experts and the computer system, as well as between human experts, are severely affected by the percentage of questionable lesions diagnosed by either examiner. It is expected that the higher the percentage of questionable lesions, the lower the agreement rate.
The agreement rates, sensitivity, and specificity between the computer system and the human experts are comparable with those between human experts in detecting early retinal lesions. The system is mobile, electronically easily accessible (can be delivered by diskette or via the Internet), and noninvasive. It displays an enlarged image on the computer screen along with the immediate diagnostic report (only a few seconds are needed). For these reasons, this system could become a useful clinical aid and a mass screening tool (when connected to a real-time fundus camera) if other clinically important lesions such as macular edema, intraretinal microvascular abnormalities, and venous beading can be detected. This would be especially useful in areas where there is a lack of ophthalmologists. Further research is needed.
The University of Oklahoma hopes to make this computer system commercially available. While it probably will not replace routine eye care, it may be used as a clinical aid by displaying retinal images with enhanced details and facilitating diagnosis. With further development of the system, it is possible that it could be used to detect progression of retinopathy in clinical trials and epidemiological studies. We strongly recommend that a set of standard diagnostic criteria be established for computer detection and quantification of retinal lesions, particularly the questionable lesions.
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